The fragmentation behaviour of the ion MeP(O)OMe þ has been investigated using quantum mechanical calculations at the B3LYP and MP2 levels to support experiments made with an Ion Trap Mass Spectrometer. Two mechanisms for the loss of CH 2 O are found, one involving a 1,3-H migration to phosphorus and the other a 1,2-methyl migration to give P(OMe) 2 þ followed by a 1,3-H migration. In each case an ion-dipole complex is formed that rapidly dissociates to yield CH 2 O. The relative importance of each route has been previously determined experimentally via isotopic labelling experiments, and the theoretical results are found to be consistent with these experimental results. The mechanisms suggested in the earlier work involving a 1,4 H migration to O are shown to be energetically unfavourable.
Introduction
In an initial investigation into the electrospray ionisation ion trap mass spectrometry of simple organophosphates esters, 1 we reported that the collision induced fragmentation of protonated dimethyl methylphosphonate, I, resulted in the loss of methanol and the formation of the CH 3 P(O)OCH 3 þ ion, II, which in turn fragmented under appropriate collision induced dissociation (CID) conditions to lose CH 2 O (see Fig. 1 ).
It was observed that fragmentation of the deuterated ion CD 3 P(O)OCH 3 þ formed from an isotopomer of I, Ia (see below) produces a mixture of CH 2 O and CD 2 O, indicating that a scrambling of the methyl groups is involved during fragmentation. Scrambling did not however occur in II prior to fragmentation as only unlabelled methanol was eliminated from III formed from the isotopomer Ia. More detailed studies of this scrambling involving the isotopomers Ia, Ib and Ic were made and mechanistic schemes were proposed but were not investigated further. 2 In the present work the scrambling of the methyl groups on elimination of formaldehyde from II has been investigated using quantum mechanical calculations at the B3LYP and MP2 levels in an attempt to understand the mechanism(s) of fragmentation of II. The structure of one of the postulated intermediate ions, MeOPOMe þ has been studied previously at the B3LYP level with a smaller basis set than that used in the present work. 3 Mass spectrometric 4, 5 and computational 5 studies of phosphonate ions have been reported but as these were concerned with odd-electron ions it is difficult to relate the results of these studies to the present work although superficially they appear similar.
Computational details
All electronic structure calculations were performed using the Gaussian 98 programme.
6 DFT(B3LYP) and MP2 calculations have been performed with a 6-311þG (2d,2p) basis set for all atoms. The approach adopted in these calculations can be described as follows: geometries were initially optimized at the DFT/B3LYP level with a 6-31G** basis set. Further geometry optimizations and frequency calculations, reported in this work, have been performed at the B3LYP/6-311þG(2d,2p) and MP2/6-311þG(2d,2p) levels. Structures were optimized with standard convergence criteria and vibrational frequencies were calculated in all cases to characterize the stationary points and provide zero point energies (ZPE). All total energy comparisons include ZPE corrections. Transition states have been located with the synchronous transit-guided quasi-Newton (QST2) method. In the DFT calculations, a grid of 99 radial points and 590 angular points, together with the Becke weighting scheme of integration, have been used.
All the ions considered in this work have an even number of electrons and both closed shell singlet and open-shell triplet state calculations were performed. In all cases, the triplet states are much higher in energy ( > 100 kJ mol À1 ) (see also ref.
3) and are not considered to be important in understanding the chemistry of this reaction system.
Results
The results of calculations for all relevant, non-isotopically labelled isomers and transition states are summarised in Table  1 and Figs. 12 and 13, later. The geometries of II were optimised from different starting points but all lead to approximately planar structures with methyl groups either trans, IIt, or cis, IIc, to each other, (see Fig. 2 ) the former being 27.0 kJ mol À1 and 27.1 kJ mol À1 lower in energy at the B3LYP and MP2 levels respectively. This is most likely due to steric interactions between the methyl groups in the cis isomer that are not present in the trans isomer. Whilst the barrier for interconversion between IIt and IIc has not been investigated it is expected to be considerably smaller than those associated with the fragmentation of II or its isomerisation to VI. The cis minimum energy structure for II differs from the structure given in an earlier study 3 at the B3LYP/6-31G* level because a larger basis set has been used in the present work.
In the earlier study, 2 this ion (not shown in Fig. 1 but see Figs. 10 and 11, later) was suggested as the intermediate structure in the scrambling of the methyl groups. Two stable conformations of VI shown in Fig. 3 have been found in this study; a trans-trans, VItt, form and a lower symmetry trans-cis form, VItc, that allows a hydrogen bonding interaction between a hydrogen in one methoxy group with the oxygen atom in the other methoxy group. The latter is found to be more stable by 10.4 kJ mol À1 and 10.8 kJ mol À1 at the B3LYP and MP2 levels respectively. Again the barrier to their interconversion has not been determined but will be much smaller than those associated with their fragmentation. above that of IIc using B3LYP and MP2 levels. The structures of the transition states are shown in Fig. 4 . The non-observation in the experimental work of the reverse reaction VI ! II, as demonstrated by the lack of scrambling in II, is interesting. The slightly lower values of the transition state for the reaction VI to X (see later) compared to that between II and VI (22 and 5 kJ mol À1 at the B3LYP and MP2 levels respectively) is sufficient to favour the forward reaction to the exclusion of the reverse reaction.
Methyl

Fragmentation of MeP(O)OMe + , II
Direct loss of CH 2 O from II was suggested in the earlier experimental study 2 to occur in one step via a cyclic transition state in which a hydrogen atom on the methoxy ligand undergoes a 1,4-H migration to the oxo oxygen with a concurrent breaking of the P-O bond to release formaldehyde. The present calculations indicate that the fragmentation of II by this mechanism (if it occurred) proceeds through a stable iondipole complex CH 2 O.(MeP(OH)) þ (VII) which subsequently loses CH 2 O to form IV.
Two minimum energy conformations of VII that differ in the orientation of the O-H bond were found, differing in energy by 1.7 and 1.9 kJ mol À1 at the B3LYP and MP2 levels respectively. These are shown in Fig. 5 .
The lowest energy form of VII was found to be less stable than IIt by 22.1 and 44.8 kJ mol À1 with the transition state for IIt ! VII (shown in Fig. 6 ) higher in energy than IIt by 312.1 and 311.4 kJ mol À1 at the B3LYP and MP2 levels respectively.
A second possible reaction pathway involves a 1,3-H migration by a methoxy hydrogen atom to phosphorus to give a complex isomeric with VII,
VIII was found to be 49.1 kJ mol À1 and 56.8 kJ mol À1 higher in energy than IIt at the B3LYP and MP2 levels respectively, and so is less stable than VII. 1214 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 1 2 1 3 -1 2 1 8 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4
The transition state for IIt ! VIII (see Fig. 8 ) is 210.5 and 232.5 kJ mol À1 above IIt at the B3LYP and MP2 levels. This is much lower in energy than the transition state for IIt ! VII and thus the 1,3-H migration to P rather than the 1,4-H migration to O will be the preferred mechanism although it has greater steric constraints. This is despite the considerably lower energy of the final products via the 1,4-H migration, IV and CH 2 À1 above IIt at the MP2 level. This is by far the most endoergic route and it is not surprising that it is not observed. As with II an alternative mechanism involving a 1,3-H migration to P is possible, leading to the intermediate
Calculations show that only the hydrogens on the left hand carbon in VItc shown in Fig. 3 can migrate to phosphorus. This structure has been optimised and two conformations (see Fig. 9 ) were found to differ in energy by 4.3 and 4.0 kJ mol À1 at the B3LYP and MP2 levels respectively.
The lowest energy conformation (on the left of Fig. 9 ) is higher in energy than IIt by 114.8 and 143.7 kJ mol À1 at the B3LYP and MP2 levels respectively.
The transition state for the reaction VItc ! X is calculated to be 197.7 and 239.9 kJ mol À1 at the B3LYP and MP2 levels respectively. The results of these calculations are consistent with reaction VItc ! IX not being observed and with VItc ! X being the preferred pathway for the fragmentation of VI (either tc or tt). It should be remembered that sufficient energy is present in VI to make the interconversion between VItc and VItt rapid thus making (in the absence of isotopic effects) the methyl groups equivalent. The importance of this will become apparent when the fragmentation of the isotopomers is discussed.
The combined energy of the fragments CH 2 O þ XII is 130.3 and 138.1 kJ mol À1 higher than that of X at the B3LYP and MP2 levels respectively.
Discussion
The reaction scheme originally proposed 2 for the fragmentation of MeP(O)OMe þ II is shown in Fig. 10 with k 1 and k 2 being comparable and rate limiting i.e. much slower than k 3 and k 4 .
The reaction pathways considered in detail in the present work are shown in Fig. 11 with the relative energies shown diagrammatically in Figs. 12 and 13 at the B3LYP and MP2 levels respectively. As was seen in the Results section, formation of IVa is not energetically feasible due to a large barrier and an isomer, XI, is formed instead. Similarly structures IVc/d were shown not to be formed as their immediate precursor(s) would have eliminated MeOH not CH 2 O and an isomer of X would have formed instead.
At this point it is useful to ask: are the results of the present calculations consistent with the experimental results of the earlier studies?
Although the mechanisms of formaldehyde elimination and the structures of the product ions (with the exception of IV, see Fig. 11 ) are different from those originally proposed, 2 the kinetic scheme is the same if it is assumed that the breakdown of the ion-dipole complexes occurs rapidly. Whilst the energetics suggest that this rapid breakdown rather than reversion back to the precursor ion is marginal in the case of VIII, dissociating to XI and CH 2 O, and unlikely in the case of X, dissociating to XII and CH 2 O, three additional factors need to be taken into consideration. The first is the neglect so far of entropic effects. Using the computed entropies obtained from the quantum mechanical calculations listed in Table 2 and assuming a temperature of 1200 K (see later), an entropic contribution, TNS, of $172 kJ mol À1 is calculated for the dissociation of X. This not only makes the dissociation step more favourable than the reverse step but makes the dissociation of X exoergonic and thus VI will go straight to XII and CH 2 O. Similar considerations apply to the formation and dissociation of VIII. The second is that whilst the energetics of the dissociation process allow it to be reversible, it is in practice irreversible as the background concentration of formaldehyde is effectively zero. The third factor to be taken into consideration is that all of the ionic species with the exceptions of IV, XI, and XII are maintained at the same suprathermal energy in the ITMS whilst the excitation voltage is applied (as it is during the reaction period) but IV, XI, and XII, once formed, are rapidly cooled to ambient temperature by collisions with the helium bath gas. This leaves the steps IIt ! VI and IIt ! VIII rate limiting.
In the earlier work 2 it was proposed that for the unlabelled II or its 13 C labeled isotopomer that k 1 /k 2 ¼ 0.5 (and k 3 / k 4 ¼ 1.0). As at first approximation ca. 90% fragmentation of II occurs in 30 ms (even at the lowest fragmentation energies The superscripts on the methyl groups serve to allow the various isotopic labels to be referenced. The rate coefficients will be discussed later.
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P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 1 2 1 3 -1 2 1 8 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4 used) giving an overall rate (i.e. k 1 þ k 2 ) of at least 80 s À1 , and since the ions being fragmented are only ' on resonance ' i.e. at suprathermal energies for a fraction of this time, the rates are likely to be much greater than this. Taking the energetics for the transition states for the steps IIt ! VI and IIt ! VIII from Table 1 and the associated entropies from Table 2 , the rates of fragmentation can be calculated from the usual transition state equations A ¼ (ek B T/h)exp(NS*/R) and k ¼ Aexp(ÀE*/ RT ). It is found that in order to obtain rates !80 s À1 a temperature of $1200 K must be assumed. This is of course the internal temperature of the excited species and not that of the ion trap. Similar high internal temperatures of ions in an ion trap have been proposed previously from modelling studies. 7 The ratio k 1 /k 2 resulting from such calculations is $0.1 and not the 0.5 suggested by the experimental data. If however the entropy of activation for the TS IIt ! VI is assumed to be À16.8 kJ mol À1 K À1 rather than À3.8 kJ mol À1 K À1 calculated from the data in Table 2 then the expected ratio of k 1 /k 2 is obtained. This value of À16.8 kJ mol À1 K À1 is more in accord with the other transition states and is not unreasonable given that only the single reference method with a modest basis set has been used. A multireference method, such as CASSCF/MRCI, with a larger basis set would certainly be more appropriate to calculate the energy and entropy change from IIt to the TS IIt ! VI and this is probably the major reason for the inconsistency with the experimental results. Also it should be borne in mind that in calculating NS for this process only the harmonic oscillator vibrational frequencies have been used and this is expected to be poor for low frequency vibrational modes.
When the deuterium labelled isotopomers of I, and therefore of II, were investigated a significant kinetic isotope effect was observed, although, through lack of temporal data, it was only manifested in the product ratios i.e. the fraction of 1 Me retained. The energetics for the transition states for the steps IIt ! VI, IIt ! VIII and VI ! X calculated at the B3LYP level for the three isotopomers together with the normal isotope containing species are given in Table 3 . As was expected the 13 C containing isotopomer shows a negligible isotope effect. Using the B3LYP activation energies and entropies (that for the TS IIt ! VI was adjusted from À1.4 kJ mol À1 K À1 to À17.1 kJ mol À1 K À1 to give the correct ratio of k 1 /k 2 as for the rate calculations described above) the fraction of 1 Me retained in the product ions is calculated for the three isotopomers and given in Table 4 . The calculated and observed data are not in quantitative agreement but that the same trend is shown is very satisfactory given that there are aspects of the experimental results that are ill-understood.
Conclusions
A study of the organophosphate ion MeP(O)OMe þ has been carried out by quantum mechanical calculations in order to understand its fragmentation behaviour in an ion trap mass spectrometer. The ion fragments to lose CH 2 O and isotopic labelling experiments have showed previously that two competing mechanisms are involved, one of which must involve a scrambling of the methyl groups. This was proposed in the paper describing the original experimental work 2 to occur through the dimethoxyphosphenium ion P(OMe) 2 þ formed from MeP(O)OMe þ via a 1,2-methyl migration. 1,4-H migrations in both MeP(O)OMe þ and P(OMe) 2 þ were proposed to explain the elimination of formaldehyde.
All isomers have been studied using electronic structure calculations at the B3LYP and MP2 levels and fragmentation pathways from each were considered. In each case barriers to the originally proposed 1,4-H migration steps leading to loss of CH 2 O are found to be much higher in energy than 1,3-H migrations in which a methoxy hydrogen atom migrates to the phosphorus atom. These produce the ion-dipole complexes
þ which then dissociate to give the experimentally observed products. These calculations have, therefore, led to a much greater understanding of the mechanisms of fragmentation and isomerisation of the ion MeP(O)OMe þ observed in an ion trap mass spectrometer. Table 3 Energetics (kJ mol À1 ) of the two main reaction paths for unlabelled II and its three isotopomers calculated at the B3LYP/6-311þG(2d,2p) level corrected for ZPV. All energies are referred to the energy of the IIt for the particular isotopomer T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 1 2 1 3 -1 2 1 8
